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Dengue virus cycles betweenmosquitoes and humans. Each host provides a different environment for viral replication, impos-
ing different selective pressures. We identified a sequence in the dengue virus genome that is essential for viral replication in
mosquito cells but not in mammalian cells. This sequence is located at the viral 3= untranslated region and folds into a small
hairpin structure. A systematic mutational analysis using dengue virus infectious clones and reporter viruses allowed the deter-
mination of two putative functions in this cis-acting RNAmotif, one linked to the structure and the other linked to the nucleo-
tide sequence. We found that single substitutions that did not alter the hairpin structure did not affect dengue virus replication
in mammalian cells but abolished replication in mosquito cells. This is the first sequence identified in a flavivirus genome that is
exclusively required for viral replication in insect cells.
Dengue virus (DENV) is the most important mosquito-borneviral pathogen in humans. It represents an enormous public
health problem around the world, with about 340 million infec-
tions per year. In nature, the virus cycles between humans and
mosquitoes. The virus must use both cellular repertoires effi-
ciently in order to succeed in infecting the twohosts. Fundamental
differences in biological processes and biochemical machineries
between human and mosquito cells, such as glycosylation, mem-
brane composition and lipid metabolism, innate antiviral re-
sponses, and other processes subverted by the virus during infec-
tion, impose pressure on viral adaptation during host switching.
Differences in DENV protein processing, encapsidation, and vi-
rion maturation in mosquito and mammalian cells have been re-
ported (1–5). For example, the N terminus of the capsid protein is
crucial for viral encapsidation inmammalian cells but not inmos-
quito cells (5). In addition, point mutations in NS4B have been
reported to decrease viral replication in mosquito cells, while the
samemutations have been shown to enhance replication inmam-
malian cells (2). Although it is evident that different interactions
between the virus and the two hosts occur during the viral life
cycle, the cellular processes and the host-specific underlying
mechanisms involved are largely unknown. Here, we investigated
RNA sequences present at the viral 3= untranslated region
(3=UTR) that were found to be essential for DENV replication in
mosquito cells but dispensable in mammalian cells.
The DENV genome is an RNA molecule of about 11 kb that
encodes a single open reading frame flanked by highly structured
5=- and 3=UTRs. The promoter for RNA synthesis, known as stem-
loop A (SLA), is located at the 5= end of the genome (6–8). This
promoter binds and activates the polymerase NS5 that then initi-
ates RNA synthesis at the 3= end of a circularized viral genome. A
great deal of information has been accumulated about the func-
tion of cis-acting RNA elements that enhance, silence, or promote
DENV RNA synthesis. Based on numerous studies, key RNA ele-
ments present in the viral genome have been defined as essential
for DENV replication (8–15). These elements include the SLA
promoter, the cyclization elements present at both ends of the
genome, the capsid-coding region hairpin element (cHP) located
in the capsid protein-coding sequence, and the highly conserved
3= stem-loop (3=SL). All of these elements were found to be nec-
essary for viral replication in mammalian and mosquito cells.
Recently, we identified a small hairpin structure (sHP) preced-
ing the large terminal 3=SL as a crucial element for dengue virus
type 2 (DENV2) replication in mammalian cells (Fig. 1A) (16).
Mutations altering base pairings of the sHP stem in the context of
a full-length DENV clone were lethal, while mutations in the loop
that did not alter the predicted structure were tolerated. We have
previously observed that transfection of viral RNAs with muta-
tions impairing sHP formation resulted in revertant and pseudo-
revertant viruses, rescued in cell culture, which restored both the
sHP structure and viral replication. Here, we examined the re-
quirement of this DENV cis-acting RNA element for replication in
mosquito cells using the same methodology as previously de-
scribed (16). Interestingly, when DENVs carrying nucleotide
changes at the loop (calledMut L) or the stem (called Rev3) of the
sHP obtained inmammalian cells (whichmaintain the sHP struc-
ture and replicate to high titers in BHK cells) were used to infect
mosquito cells, no viral replication was detected (Fig. 1B). To
confirm this observation and eliminate nucleotide changes in
other regions of the genome, possibly acquired during the process
of obtaining viral stocks in mammalian cells, transfections of
RNAs instead of viral infections were performed. In vitro-tran-
scribed RNA of infectious clones carrying three substitutions in
the loop of the sHP (Mut L) or the substitutions within the sHP
stem obtained in the revertant virus (Rev3) were used for trans-
fections in mosquito cells. While the wild type (WT) had propa-
gated throughout the complete monolayer at day 7 posttransfec-
tion, no sign of viral replication was observed withMut L or Rev3.
Transfected cells were passaged during 30 days to search for rever-
sions but, unexpectedly, no immunofluorescence-positive cells
were detected (data not shown).
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To further analyze the defect of the mutant viruses, we incor-
porated the nucleotide changes in a DENV infectious clone carry-
ing a luciferase reporter gene. This reporter system allows discrim-
ination between DENV translation, RNA amplification, and viral
particle formation bymeasuring luciferase activity as a function of
time posttransfection and postinfection, as previously described
(17). RNAs from the WT, a replication negative control with a
mutation in the catalytic site of the NS5 polymerase, and the
two sHP mutants, reporter Mut L and reporter Rev3, were
transfected into BHK and C6/36 cells. All the RNAs transfected
showed similar levels of luciferase activity at 6 h posttransfec-
tion, indicating efficient translation of the input genomes (Fig.
1C). In BHK cells, the replication of the sHP mutants was
slightly delayed with respect to the replication of the WT, but
both viruses showed high replication levels compared with that
of the negative control NS5mut. In contrast, the RNA replica-
tion of reporter Mut L and reporter Rev3 in mosquito cells was
impaired (Fig. 1C). The results suggest that the nucleotide se-
quence of the sHP appears to be important for DENV replica-
tion in mosquito cells.
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FIG 1 Differential roles of the sHP in viral replication in mosquito and mammalian cells. (A) Schematic representation of the DENV genome showing relevant
cis-acting elements: the promoter stem-loop A (SLA), the capsid region hairpin (cHP), the cyclization sequences (CS) 5= upstream AUG region (5=UAR) and
3=UAR and 5=- and 3=CS, and the 3= stem-loop (3=SL). The nucleotide sequence corresponding to the sHP structure is indicated on the right. (B) Replication of
DENVs carrying substitutions within the sHP. Replication of viruses carrying the indicatedmutations in BHK cells wasmonitored by immunofluorescence assay
at different times posttransfection. Supernatants frommammalian BHK cells were used to infect mosquito C6/36 cells. The nucleotide sequence of the revertant
virus Rev3 obtained from BHK cells transfected with Mut S3 is indicated; the arrows show the spontaneous changes generated in cell culture. (C) Replication of
sHP mutants in the context of a DENV carrying luciferase as reporter. Luciferase activity was measured as a function of time after transfection of RNAs
corresponding to the WT, a replication negative control with a mutation in the catalytic site of the NS5 polymerase (NS5mut), the sHP mutant Mut L, and the
revertant virus Rev3. Error bars show standard deviations.
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To more rigorously examine the nucleotide sequence require-
ment of the sHP for DENV replication in mosquito cells, we de-
signed mutants carrying single substitutions in each position of
the loop and evaluated viral replication in both cell types.Mutants
Mut L1 to L6 were designed as shown in Figure 2A in the context
of the DENV reporter system. As we described previously, the
sequence of the sHP folds locally in the linear form of the RNA,
while the nucleotides of the sHP loop form an internal loop in the
circular form of the genome (16). Therefore, for clarity, the loca-
tion of eachmutation is indicated in the two alternative structures
(Fig. 2A). Single substitutions inmutantsMut L1 to L6 resulted in
viruses that replicated efficiently in BHK cells (Fig. 2B). In con-
trast, transfection of the same viral RNAs into mosquito cells
showed that mutants Mut L1, L2, L4, L5, and L6 were unable to
replicate. The luciferase levels at 24, 48, and 72 h were similar to
that observed with the replication-impaired control NS5mut
(Fig. 2C). The only substitution that was tolerated was that of
L3, whose replication was similar to that observed with the WT
virus. These results provide strong evidence of different func-
tions of the identified DENV sequence in mosquito and mam-
malian cells.
We also examined whether the nucleotide sequence of the in-
ternal loop predicted in the circular form of the genome plays a
role during viral replication in mosquito or mammalian cells by
mutating the 5= end of the viral genome. RNAs with substitutions
in the internal loop were constructed (Mut IL1 and IL2) (Fig. 2A).
Transfections of the RNAs indicated that the two mutants (Mut
IL1 and IL2) were able to replicate in both cell types (Fig. 2B and
C). These results suggest that the internal loop sequence modified
within the 5= end of the genome is not critical for viral replication
in mosquito or mammalian cells.
Sequence alignment of the four DENV serotypes indicates that
the nucleotide sequence of the sHP is highly conserved (Fig. 3A).
The only variation observed in nature is at position 3 of the loop,
which was the only one that tolerated changes in our mutational
analysis (Fig. 2, Mut L3). The sHP loop sequence, GAAAGA, pro-
vides high stability to the HP. This sequence belongs to the
GNRA-like (GNNNRA) loops that have been previously de-
scribed, in which N is any nucleotide and R is a purine (18). It is
possible that the sequence of the loop provides stability for the
sHP structure, rather than there being a role of the sequence itself.
To examine whether the stability of the structure is critical for its
function, we replaced the complete loop with two different loops,
UNCG and GNRA. About 70% of the RNA tetraloop sequences
identified in ribosomal RNAs from different organisms fall into
either UNCGorGNRA families (19, 20). Hairpins with these loop
sequences exhibit exceptionally high thermal stability. In addi-
tion, taking into account that the sHP loop resembles a GNRA-
like loop, we compared the replication of viruses in which the G in
the R position was replaced by A or U, which provided different
stabilities. Four recombinant viruses with different loop se-
quences in the sHP (UUCG [UNCG], GAGA [GNRA], GAAAAA
[GNNNRA], and GAAAUA [GNNNUA]) (Fig. 3B) were tested.
All the RNAs transfected showed similar levels of luciferase activ-
ity at 6 h posttransfection, indicating efficient translation of the
input genomes. Interestingly, complete replacement of the sHP
loop sequence rendered RNAs that were competent for RNA rep-
lication in BHK cells (Fig. 3C). In contrast, none of the mutants
were able to replicate in mosquito cells. In this case, the luciferase
levels at 24, 48, and 72 h were similar to those observed with
NS5mut. Because RNAs with sHP loops with different sequences
and different predicted stabilities with respect to those of the WT
were all competent for replication inmammalian cells but incom-
petent in mosquito cells, we conclude that altered structural sta-
bility is not the main cause of the great vulnerability to nucleotide
changes observed for DENV replication in insect cells.
We have demonstrated that the sequence of the loop of the sHP
plays a crucial function in DENV replication only in mosquito
cells. In addition, a possible role of nucleotides within the stem of
the sHP was suggested by the lack of replication of Rev3 (Fig. 1B).
To define whether the nucleotide sequence of the stem is required
for viral replication in mosquito cells, we designed three different
recombinant viruses with changes in one, two, or three nucleo-
tides of the sHP stem, with the respective compensatory muta-
tion(s) to maintain the structure (Rec 1, Rec 2, and Rec 3). The
mutations were incorporated in both the reporter luciferase sys-
tem and the DENV2 infectious clone. Transfection of reporter
RNAs indicated that, while translation and RNA replication were
efficient in BHK cells, in mosquito cells, the three RNAs showed
luciferase kinetics similar to those of NS5mut (Fig. 4A and B). In
addition, RNAs of the three mutants and the WT control were
transfected into BHK and C6/36 cells, and immunofluorescence
was followed as a function of time. In BHK cells, Rec1, Rec2, and
Rec3 had propagated in the complete monolayer 3 days after
transfection, while in mosquito cells, no viral replication was de-
tected up to 15 days (Fig. 4C). Interestingly, no viral reversions
were obtained even when the mosquito cells were passaged for an
additional 2 weeks. Our studies conclusively identified a DENV
sequence that is essential for viral replication inmosquito cells but
not in mammalian cells.
Here, we found a nucleotide sequence in the DENV genome
that is exclusively required for replication in mosquito cells. A
remarkable effect onDENV replicationwas observed only inmos-
quito cells when single-nucleotide changes were introduced
within the sHP. We propose that the identified sequence has at
least two functions in viral replication. One function is linked to
the secondary structure, which has previously been proposed to
modulate the balance between the circular and linear forms of the
genome, crucial for RNA synthesis (16), and the other function is
linked to the nucleotide sequence required for viral replication in
mosquito cells.
The mechanism by which this element participates in the viral
process is unknown. According to previous reports, the sHP is
considered part of the 3=SL, which contains the sHP and a large
terminal HP (15). Although we have learnt a great deal about the
function of RNA elements present in the flavivirus genome,
the mechanisms of action of essential RNA elements, such as
the 3=SL, are still enigmatic. In this regard, a recent report on
West Nile virus (WNV) has demonstrated the generation of a
microRNA derived from the 3=SL sequence in infected mos-
quito cells (21). It has been proposed that the accumulation of
this small RNA enhances WNV replication. However, it re-
mains to be determined whether this process also occurs during
DENV replication. Interestingly, in flavivirus infections, the
accumulation of subgenomic flavivirus RNAs (sfRNAs) de-
rived from the 3=UTR have been reported to have a role in
suppressing the host antiviral response both in mammalian
and mosquito cells (22–24). In this regard, it will be interesting
to investigate the impact of sHP mutations on the function of
sfRNAs in the two hosts.
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FIG 2 The loop sequence of the sHP is essential for DENV replication in mosquito cells. (A) Schematic representation of linear and circular conformations of
theDENV genome showing the sequence corresponding to the sHP and the internal loop, respectively. Substitutions in each position of the loop and the internal
loop are indicated as L1 to L6. Internal loopmutations IL1 and IL2 at the 5= end of the genome are also indicated. (B and C) Replication of DENVmutants in the
luciferase reporter system inmammalian andmosquito cells. Luciferase activity wasmeasured as a function of time after transfection of the RNAs corresponding
to the controls and mutants Mut L1 to L6, IL1, and IL2. Error bars show standard deviations.
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The finding of a strict requirement of the sHP sequence for
viral replication in C6/36 cells is intriguing. It is possible that the
sHP constitutes a binding site for a protein or a host-derived small
RNA that is crucial for a viral process. Host proteins that interact
with theDENV3=UTRhave been identifiedmainly inmammalian
infected cells (25–28). Recently, specific binding of the host NF90
to the 3=SL and the host DDX6 helicase to the dumbbell structures
present upstream from the sHP have been reported to play a role
in DENV replication (29, 30). Studies using DENV-infected mos-
quito cells have also identified host proteins as binders of the viral
3=UTR (31, 32). However, the functions of these interactions dur-
ing viral replication in mosquito cells have not been defined.
RNA cis-acting elements present at the DENV 5= and 3=UTRs
have previously been reported to enhance viral replication differ-
entially in mosquito and mammalian hosts (1, 15, 33–35). How-
ever, the sHP sequence is the first one reported in the DENV
genome that is essential for viral replication in mosquito cells and
dispensable in mammalian cells. We believe that these results
open new avenues for exploring mechanisms that regulate DENV
replication in the insect host.
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